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ABSTRACT 


A  search  through  the  literature  on  the  vapor-liquid 
equilibria  of  carbon  dioxide-paraffin  hydrocarbon  systems 
has  indicated  that  there  are  no  data  available  for  binary 
systems  of  carbon  dioxide  between  n-pentane  and  n-decane. 

To  bridge  this  gap,  experimental  vapor-liquid  equili¬ 
brium  data  have  been  obtained  for  the  carbon  dioxide-n-hexane 
system.  A  variable  volume  windowed  Jerguson  gauge  using 
mercury  as  the  confining  fluid  was  used  for  this  purpose. 

The  study  was  conducted  at  temperatures  of  100,  150,  200, 

250  and  300°F  using  five  mixtures  containing  94.9,  90.7, 

84.6,  75.7  and  52.5  mole  percent  carbon  dioxide. 

The  phase  diagram  was  defined  over  the  entire  tempera¬ 
ture  range  of  the  investigation.  The  phenomenon  of  critical 
opalescence  was  observed  for  some  mixtures  and  this  helped  in 
defining  the  critical  locus  for  the  system. 

A  comparison  of  the  n-hexane  K-values  with  ideal  K- 
values  and  those  presented  in  the  NGPSA  Engineering  Data  Book 
has  been  made.  The  agreement  between  the  experimental  and 
the  ideal  K-values  was  better  at  higher  temperatures.  The 
NGPSA  K-values  showed  good  agreement  with  the  experimental 
values  at  200°F. 

Such  comparisons  could  not  be  made  for  the  carbon  dioxide 
K-values.  However,  the  available  data  in  the  literature  on 
the  K-values  of  carbon  dioxide  in  paraffin  hydrocarbon  systems 
were  compiled.  Charts  have  been  prepared  for  the  K-values  of 
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this  component  at  convergence  pressures  of  1200,  1450  and  1700 
psia.  At  the  convergence  pressure  of  1200  psia,  the  correla¬ 
tion  of  K-values  obtained  from  data  on  many  different  carbon 
dioxide  binaries  is  not  good  at  temperatures  100°F  and  above. 

At  the  other  two  convergence  pressures,  however,  the  charts  are 
similar  in  shape  to  those  presented  in  the  NGPSA  Engineering 
Data  Book. 
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I.  INTRODUCTION 

A  knowledge  of  the  composition  and  aimounts  of  the  co¬ 
existing  phases  under  heterogeneous  equilibrium  conditions 
is  essential  for  good  design  of  fractionating  columns, 
absorbers  and  other  contacting  equipment.  In  the  design  of 
pipelines  and  storage  tanks,  it  is  usually  desirable  to 
avoid  the  formation  to  two  phases.  A  priori  knowledge  of 
the  vapor-liquid  equilibria  for  the  system  under  considera¬ 
tion  is  essential  for  this  purpose.  A  knowledge  of  vapor- 
liquid  equilibria  is  also  very  useful  in  predicting  the 
performance  of  underground  petroleum  reservoirs. 

A  considerable  amount  of  data  has  been  accumulated  over 
the  years  from  the  numerous  investigations  in  the  field  of 
vapor-liquid  equilibrium.  Nevertheless,  little  or  no 
information  is  avialable  for  many  systems.  Though  methods 
are  available  for  predicting  vapor-liquid  equilibrium,  the 
applicability  of  these  methods  is  subject  to  many  restric¬ 
tions.  A  single  comprehensive  and  general  theory  is  still 
to  be  developed.  Thus,  experimental  programs  are  necessary 
to  provide  data  for  systems  of  academic  and  industrial 
importance  and  to  contribute  towards  the  development  of  a 
general  theory. 

Non-hydrocarbons  such  as  nitrogen,  hydrogen  sulphide  and 
carbon  dioxide  are  frequently  found  in  large  amounts  in 
petroleum  reservoirs.  Most  of  the  methods  for  predicting 
vapor-liquid  equilibria  are  not  suitable  for  use  when  these 
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non-hydrocarbons  are  present.  Many  such  hydrocarbon-non¬ 
hydrocarbon  systems  have  been  studied  but  still  there  is 
ample  scope  for  further  work.  While  binary  systems  of 
carbon  dioxide  and  light  hydrocarbons  have  been  studied, 
only  limited  work  has  been  done  on  systems  involving  carbon 
dioxide  and  hydrocarbons  of  higher  molecular  weight.  For 
this  reason,  the  n-hexane-carbon  dioxide  system  was  chosen 
for  study  in  this  work. 

A  variable  volume  windowed  equilibrium  cell,  permitting 
visual  observation,  was  used  in  this  work.  Hutton has 
presented  a  detailed  description  of  the  cell  and  used  it 
for  the  study  of  gas  hydrates  in  methane-carbon  dioxide- 
hydrogen  sulphide  system. 

The  primary  objectives  of  this  investigation  may  be 
stated  as  follows. 

1.  To  use  the  equipment  in  the  study  of  the  phase  behavior 
of  n-hexane-carbon  dioxide  system  in  the  temperature  range 
of  100  to  300°F. 

2.  To  compare  the  equilibrium  ratios  thus  obtained  with 
values  reported  in  the  literature  on  related  systems. 

3.  To  see  whether  this  information  could  be  used  in  con¬ 
junction  with  data  on  other  paraffin  hydrocarbon  systems 
containing  carbon  dioxide  to  improve  the  prediction  of  K- 
ratios  in  carbon  dioxide-paraffin  hydrocarbon  systems. 
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II.  THEORY 


A.  The  Criteria  of  Equilibrium 

Equilibrium  in  a  closed  system  implies  a  situation  in 
which  there  is  no  change  with  respect  to  time.  In  thermo¬ 
dynamics,  where  attention  is  focused  upon  a  particular 
quantity  of  material,  this  implies  no  change  in  the  proper¬ 
ties  of  that  material  with  time.  Actually  a  true  state  of 
equilibriiim  is  probably  never  reached,  however,  the  rate  of 
change  becomes  very  slow  as  equilibrium  is  approached. 
Equilibrium  is  assumed  in  scientific  studies  when  changes 

can  no  longer  be  detected  with  the  available  measuring  devices. 

(12) 

Gibbs  showed  that  a  multiphase  system  at  constant 

temperature  and  pressure  will  be  at  equilibrium,  if  the 
chemical  potential,  y,  has  the  same  value  for  a  given  com¬ 
ponent  in  each  phase.  He  defined  the  chemical  potential 
of  a  component  in  a  mixture  as 
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Hence,  the  chemical  potential  of  any  component  in  a  phase  is 

the  rate  at  which  the  total  free  energy  of  that  phase  changes 

as  one  changes  the  amount  of  that  particular  component, 

keeping  the  pressure,  temperature,  and  amounts  of  all  the 

other  components  of  the  phase  the  same. 

(12) 

Mathematically,  Gibbs  showed  that  the  necessary 

and  sufficient  condition  for  equilibrium  to  exist  in  a  system 
at  constant  temperature  and  pressure  is 
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For  design  calculations,  equilibrium  between  the  vapor 
and  liquid  phases  in  contact  is  assumed  in  natural  gas- 
condensate  wells  and  in  many  types  of  commercial  equipment 
such  as  fractionating  columns  and  absorbers . 

B.  Equilibrium  Ratio 

( 42 ) 

Souders ,  Selheimer,  and  Brown  proposed  the  concept 

of  'equilibrium  constants'.  They  defined  the  equilibrium 
constant  ,  K,  as  the  ratio  of  the  mole  fraction  of  a  component 
in  the  vapor  phase,  y,  to  the  mole  fraction  of  the  same  comp- 
onent  in  the  liquid  phase,  x,  at  the  temperature  and  pressure 
of  equilibrium.  Hence,  for  a  component,  i, 

^i 

K.  =  —  (3) 

IX. 

1 

The  term  'equilibrium  constant'  is  misleading  because  equi¬ 
librium  constants  are  functions  of  temperature,  pressure  and 

(26) 

composition  of  the  system.  Musket'  has  suggested  the 
term  'equilibrium  ratio'  usually  written  as  K-ratio,  K-f actor 
or  K- value. 

A  knowledge  of  equilibrium  ratios  for  each  component  in 
a  mixture  is  essential  for  making  vapor-liquid  equilibrium 
calculations.  Consequently,  many  methods  have  been  proposed 
for  correlating  these  ratios  in  terms  of  the  temperature, 
pressure,  and  composition  of  the  mixture.  These  methods, 
however,  are  subject  to  many  restrictions  and  are  frequently 
only  applicable  to  specific  systems  under  given  conditions  of 
temperature  and  pressure.  A  review  of  these  techniques  is 
presented  here. 
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C .  Ideal  Equilibrium  Ratios 

If  the  molecules  of  the  components  of  the  solution  are 
similar  in  nature  and  size  so  that  the  intermolecular  forces 
between  like  and  unlike  molecules  are  the  same  and  if  the 
components  mix  without  the  complicating  effects  of  chemical 
combination  or  molecular  association,  the  solution  would 
obey  Raoult's  Law. 

p.  =  X,  p.''  (4) 

th 

where,  p^  is  the  partial  pressure  of  the  i  component  of 
the  solution  and  p^  ,  the  vapor  pressure  of  the  i  compo¬ 
nent  in  its  pure  state  at  the  temperature  of  equilibrium. 

If  a  gas  mixture  behaves  according  to  the  ideal  gas 
Law,  then  Dalton's  Law  states  that  the  total  pressure  of  a 
gas  is  equal  to  the  sum  of  the  partial  pressures  of  the  com¬ 
ponents  present.  Thus: 

Pj_  =  Yj_  P  (5) 

where  p  is  the  total  pressure  of  the  system. 

The  equilibrium  ratio,  ,  from  equations  (4)  and  (5) 
becomes 


K. 

1 


(6) 


Thus,  for  any  two  phase  system  where  Raoult's  Law  and 
Dalton's  Law  are  applicable  to  liquid  and  vapor  phases 
respectively,  the  equilibrium  ratio  can 'be  obtained  for  any 
component  as  long  as  the  vapor  pressure  of  that  component  is 
known  at  the  necessary  temperature. 
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Equation  (6)  indicates  a  useful  method  of  representing 
K-ratios  graphically.  On  taking  logarithms  of  both  sides, 
one  obtains, 

log  =  log  p^^  -  log  p  (7) 

Therefore,  a  log-log  plot  of  versus  p  will  give  a  straight 
line  of  slope  -1,  passing  through  =  1.0  where  p  =  p^^ 

at  the  temperature  in  question. 

Generally  speaking  K-values  predicted  by  this  method 
are  restricted  to  low  pressures  and  to  ideal  solutions.  At 
higher  pressure,  particularly  close  to  critical,  severe 
deviations  from  actual  K-values  will  occur.  The  reasons  for 
these  deviations  are  that  Raoult's  and  Dalton's  Laws  are  not 
exact  even  in  relatively  simple  mixtures  of  hydrocarbons  at 
higher  pressures.  Normal  pentane  and  heavier  n-paraffin 
hydrocarbons  conform  to  these  ideal  Laws  over  limited  ranges 
of  pressure  and  temperature,  but  the  presence  of  components 
such  as  water,  nitrogen,  hydrogen,  hydrogen  sulphide,  carbon 
dioxide,  and  olefins  may  frequently  cause  deviations  from 
these  laws. 

D .  Ideal  Solution  Equilibrium  Ratios 

Even  though,  at  low  pressures,  solutions  amy  be  assumed 

to  behave  ideally,  departure  from  ideal  gas  behavior  at  elevated 

pressures  will  cause  a  discrepancy  between  ideal  K-ratios  and 

( 24 ) 

actual  K-ratios.  Lewis  suggested  the  use  of  fugacity 

instead  of  pressure  whenever  the  fluids  behave  non-ideally. 

Thus,  if  partial  pressures  and  pressures  are  replaced  by  fugaci- 
ties,  a  closer  approximation  to  actual  K-values  can  be  obtained. 
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An  ideal  solution  may  be  defined  as  one  in  which  the  fugacity 
of  each  component  is  proportional  to  its  mole  fraction. 
Equilibrium  ratios  defined  in  terms  of  fugacities  are  usually 
called  'ideal  solution  equilibrium  ratios'. 

Fugacity,  at  constant  temperature,  T,  is  defined  as: 


(8) 


dG 


RTdlnf==VdP 


where,  f  is  the  fugacity,  V,  the  molal  volume  of  the  component, 
and  P,  the  system  pressure. 

For  the  vapor  phase,  the  Dalton's  Law  type  equation 
becomes : 


and  for  the  liquid  phase  the  Raoult's  Law  type  equation 
becomes : 


where,  f^^  and  f^^  are  the  fugacities  of  a  component  i  as  a 
vapor  and  liquid  respectively  at  the  pressure  and  temperature 
of  equilibrium,  the  bar  denotes  the  fugacity  of  a  component  in 
the  mixture.  At  equilibrium; 


Thus  the  K-factor  becomes 
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is  a  function  of  system  temperature  and  pressure  only. 

The  use  of  fugacities  is  useful  in  predicting  K-factors  for 
many  systems  over  a  wider  range  of  pressures  and  temperatures, 
but  the  concept  breaks  down  for  all  systems  as  the  critical 
conditions  are  approached. 

E .  Convergence  Pressure  Concept 

Basically,  it  is  recognized  that  the  equilibrium  ratios 
for  any  component  are  functions  of  the  temperature,  pressure 
and  composition  of  the  system.  Attempts  have  been  made  to 
suggest  a  suitable  means  for  correlating  the  effect  of  com¬ 
position.  This  has  resulted  in  the  concept  of  convergence 
pressure  which  is  based  upon  the  fact  that  the  K-factors  are 
observed  to  converge  to  unity  at  some  pressure  for  each 
temperature  chosen. 

The  convergence  pressure  may  be  defined  as  the  pressure 
at  which  equilibrium  ratios  for  all  components  appear  to 
converge  to  unity  at  the  system  temperature.  The  K- values  are 
continuous  to  this  pressure,  if  the  equilibrium  temperature 
is  critical  temperature  of  the  system.  At  any  other  temp¬ 
erature  K-values,  when  plotted  on  a  log  K  vs  log  P  plot, 
appear  to  converge  to  unity. 

One  may  assume  that  the  equilibrium  ratio  may  be  expressed 
as  a  function  of  temperature,  pressure  and  composition  as 
follows ; 

=  cj)  (P,  T,  x^,  x^  ...  x^) 


K 
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where,  n  is  the  total  number  of  components  present.  From 
Gibbs'  phase  rule,  for  two  phse  equilibria,  the  total  number 
of  independent  variables  is  equal  to  the  number  of  components. 
Thus,  number  of  independent  variable  used  to  correlate  K-values 
may  be  expressed  as: 

K  =  4)'(P,  T,  x^,  ... 

if  we  express, 

K  =  4)"(P,P^^)  (15) 

then , 

P^^  =  4)'''(T,  x^,  x^,  ...  x^_2)  (16) 

where,  P^^  is  the  convergence  pressure  of  the  system.  From 

equation  (16)  it  follows  that  for  a  binary  system  convergence 

pressure  is  independent  of  composition  and  depends  upon  tem- 

(13) 

perature  alone.  It  has  been  shown  that  at  temperatures 

intermediate  to  the  critical  temperatures  of  the  two  compo¬ 
nents  the  convergence  pressure  of  any  binary  mixture  is  equal 
to  the  critical  pressure  of  the  mixture  with  critical  temp¬ 
erature  the  given  temperature. 

For  a  two  phase  ternary  system,  application  of  Gibbs' 
phase  rule  indicates  that  three  variables  must  be  fixed  in 
order  to  completely  determine  the  system.  Carter,  Sage,  and 
Lacey ^  '  defined  the  composition  parameter  as  follows. 

c  = 

2  ="3 
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Where  the  components  are  numbered  in  the  order  of  decreasing 
■  .  (14) 

volatility.  Hadden  has  suggested  the  use  of  a  compos¬ 

ition  parameter  based  on  mass  fractions,  rather  than  mole 
fractions,  defined  by: 


M 


2 


m2  +  m^ 


(18) 


Most  methods  of  calculating  convergence  pressure  in 
ternary  system  are  based  on  these  composition  parameters. 

A  ternary  mxiture  is  reduced  to  an  equivalent  binary  composed 
of  component  1  and  the  pseudo  heavy  component  2  made  of 
components  2  and  3.  A  knowledge  of  the  composition  parameter 
M2  is  used  in  establishing  the  critical  temperature  t^2 
the  hypothetical  component.  The  concept  of  an  equivalent 
binary  is  extended  to  multi-component  systems.  For  each 
component  that  is  added  to  a  mixture  after  the  second  one,  a 
composition  parameter  is  fixed.  For  example,  for  a  quaternary 
system,  the  convergence  pressure  is  determined  by  fixing  the 
system  temperature  and  two  composition  parameters  M2  and  M^. 

The  lightest  component  of  the  quaternary  mixture  is  taken  as 
the  light  component  of  the  equivalent  binary.  Determination  of 
the  'pseudo  heavy'  component  of  the  equivalent  binary  mixture 
is  now  a  two  step  process.  First,  components  3  and  4  are 
combined  to  give  a  component  3.  This  is  combined  with  com¬ 
ponent  2  to  give  the  'pseudo  heavy'  component  2. 

The  convergence  pressure  concept  postulates  that  the  log 
P  vs  log  K  for  a  component  in  a  multi-conponent  system  depends 
only  as  the  system  temperature  and  the  convergence  pressure 
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of  the  system.  For  a  ternary  system  M  fixes  t  ^  and  this 
value  of  the  critical  temperature  of  hypothetical  heavy  com¬ 
ponent  determines  the  convergence  pressure  of  the  system. 

Thus  : 

=  4.  (P,  T,  M2)  =  4)  (P,  T,  t^^)  =  4>  (P/  T,  P^^)  (19) 

For  each  M2  there  is  one  and  only  one  convergence  pressure 
and  consequently,  one  and  only  one  log  P  vs  log  K  plot  exists 
for  each  component.  Hence,  for  a  ternary  system  the  basic 
postulate  is  in  accordance  with  Gibbs'  phase  rule  without  any 
assumption.  However,  this  is  not  the  case  for  multi-component 
mixtures  that  contain  more  than  three  components.  For  a  quat¬ 
ernary  system,  Gibbs'  phase  rule  indicates: 

K  =  4)  (P/  T,  M2,  M^)  (20) 

If  for  each  distinguishable  pair  of  values  of  M2  and  M^/ 
there  were  a  unique  value  of  convergence  pressure  then  no 
assumptions  would  be  involved.  However,  this  is  not  the  case 
and  many  set  of  values  of  M„  and  M  exist  to  give  the  same 
convergence  pressure  for  the  system. 

In  general,  for  each  set  of  values  of  M  and  M_  a  log  K 

2 

vs  log  P  isotherm  exists  for  a  given  system  temperature. 

It  is  assumed  in  this  concept  that  for  each  pair  of  values  of 
M2  and  M^  that  give  the  same  value  of  convergnece  pressure, 
one  and  only  one  log  K  vs  log  P  plot  exist  for  each  component 
at  a  given  system  temperature. 
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which  are  based  on  convergence  pressure  concept  which  present 
charts  to  obtain  the  equilibrium  ratios  from  a  knowledge  of 
convergence  pressure. 

Convergence  pressure  has  been  found  to  be  a  satisfactory 
parameter  to  account  for  the  effect  of  composition  in  paraffin 
hydrocarbon  mixtures.  However,  the  presence  of  non-hydrocarbons 
such  as  nitrogen,  hydrogen,  carbon  dioxide,  hydrogen  sulphide, 
and  water  may  limit  the  usefulness  of  the  convergence  pressure 
type  correlations. 

F .  Activity  Coefficients 

The  Lewis  and  Randall  rule  states  that  the  fugacity  of  a 
component  in  an  ideal  solution  is  equal  to  the  mole  fraction 
times  the  fugacity  of  the  pure  component,  evaluated  at  the 
same  pressure  and  temperature  and  in  the  same  kind  of  phase. 

The  deviations  from  ideal  solution  behavior  can  be  taken 
into  account  by  incorporating  a  correction  factor  y  into 
equation  (10).  The  purpose  of  y,  the  activity  coefficient, 
is  to  account  for  the  departure  of  the  liquid  phase  from 
ideal  solution  behavior.  Thus, 
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Where,  y^  is  the  activity  coefficient  of  the  i^  component 

in  the  liquid  phase.  In  a  similar  way  one  can  define  the 


activity  coefficient  for  vapor  pahse.  Thus: 
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The  activity  coefficients  are  functions  of  phase  composition 
and  system  temperature.  For  an  ideal  solution,  they  become 
unity . 

Activity  coefficients  have  been  used  for  correlating 

data  on  vapor-liquid  equilibria,  for  example.  Smith  and 
(41) 

Watson  have  used  activity  coefficients  to  correlate  the 

data  on  paraffin  hydrocarbons. 

Many  methods  have  been  suggested  in  the  literature  for 

predicting  the  activity  coefficients  from  a  minimum  of 

experimental  data  '  '  ’  .  These  methods 

are  based  on  solutions  of  the  Gibbs-Duhem  equation  expressed 

in  terms  of  activity  coefficients.  Some  of  these  are  the 

(44  45)  (25) 

well  known  equations  derived  by  Van  Laar  '  ,  Margules 


and  Scatchard  and  Hamer 


(39) 


Vapor-liquid  equilibrium  data  for  non-ideal  systems 

can  be  predicted  by  these  equations,  if  constants  to  be  used 

in  them  are  known.  For  non-associating  solutions,  these 

(2  3  5 

equations  have  been  used  with  considerable  success  '  '  ' 

7,  10,  11,  25,  39,  40,  44,  45)  „  ^  ^ 

Van  Laar  type  equations  are 

generally  unsatisfactory  for  associating  solutions.  Simil¬ 
arly,  Margules  equation  with  two  coefficients  fail  for  asso¬ 
ciating  systems  and  binary  systems  with  unsymmetrical  act¬ 
ivity  coefficients  for  the  two  components.  In  such  cases, 
the  Van  Laar  equation  gives  better  results.  If  better  re¬ 
sults  are  to  be  expected  from  Margules  equation,  more  than 
two  constants  should  be  used.  The  Scatchard  and  Hamer 
equation  has  been  used  with  some  success,  but  accurate  data 
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on  boiling  points  as  a  function  of  composition  at  constant 
pressure  are  required. 

Equations  of  the  Margules  and  Van  Laar  types  have  been 
developed  for  ternary  systems The  objective  of  these 
proposals  is  to  allow  the  prediction  of  the  activity  coef¬ 
ficients  in  such  systems  from  data  on  the  three  possible  binary 
combinations.  However,  at  least  some  ternary  information  ap¬ 
pears  necessary,  if  reasonably  accurate  results  are  to  be  ob¬ 
tained  . 

There  is  a  serious  limitation  on  the  use  of  these  equations. 
They  have  been  found  to  be  useful  in  predicting  vapor- liquid 
equilibrium  data  for  systems  containing  components  which  are 
all  condensable  at  the  system  temperature.  They  have  not  been 
used  for  systems  containing  non-hydrocarbons  such  as  carbon 
dioxide  and  hydrogen  sulphide. 
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III.  REVIEW  OF  PREVI OUS  EXPERIMENTAL  STUD IE S 

The  published  literature  gives  ample  evidence  of  the  work 

which  has  been  done  on  pure  carbon  dioxide  and  n-hexane. 

For  example,  Cramer'  has  compiled  the  phase  diagrams  for 

carbon  dioxide  up  to  12,000  atmospheres  for  temperatures 

ranging  from  -lOO^C  to  200°C  and  for  pressures  up  to  220 

atmospheres  for  temperatures  up  to  lOOO^C.  Sweigert,  Weber, 
(43) 

and  Allen  have  reported  thermodynamic  properties  of  carbon 

dioxide.  The  properties  of  n-hexane  at  atmospheric  pressure 

(36) 

have  been  studied  in  detail  and  were  summarized  by  Rossini '  ' 

The  pressure-volume-temperature  relations  of  n-hexane  have 
been  studied  by  Kelso  and  Felsing'  '  '  at  pressures  up  to 

4500  psia. 

(20  21  22 ) 

Kuenen  '  '  was  perhaps  the  first  to  study  the 

behaviour  of  paraffin  hydrocarbons  and  carbon  dioxide  mixtures 

His  study  indicated  a  minimum  boiling  azeotropic  behavior  for 

the  binary  carbon  dioxide-ethane  system. 

(9 ) 

Donnelly  and  Katz  have  reported  the  solid-liquid- 

vapor  equilibrium  data  for  the  methane-carbon  dioxide  system 

in  the  temperature  range  -100  to  29°F  and  for  pressures  up  to 

1150  psia.  Their  study  showed  that  the  carbon  dioxide-methane 

system  exhibits  a  normal  critical  locus  and  vapor-liquid 

equilibria  down  to  the  triple  point  of  carbon  dioxide. 

( 29 ) 

Poettmann  and  Katz  studied  the  phase  behavior  of 

mixtures  of  carbon  dioxide  with  propane,  butane,  and  pentane. 
They  have  presented  complete  pressure-temperature  diagrams 
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for  the  three  binaries  and  pressure-composition  diagram  at 

four  temperatures.  Their  study  indicated  a  sharp  downward 

curvature  of  the  critical  locus  at  the  carbon  dioxide  end 

of  the  curve  for  the  propane-carbon  dioxide  system,  thereby 

indicating  that  the  forces  tending  to  form  a  minimum  boiling 

azeotrope  as  in  the  ethane-carbon  dioxide  system  had  not  yet 

completely  disappeared.  The  systems  butane-carbon  dioxide  and 

pentaae-^carbon  dioxide  behaved  normally. 

Akers,  Kelley  and  Lipscomb studied  the  propane-carbon 

dioxide  system  and  provided  data  at  lower  temperatures  between 

-40°  and  32°F  and  for  pressures  up  to  507  psia.  They  presented 

a  chart  for  predicting  equilibrium  ratios  for  carbon  dioxide 

for  a  convergence  pressure  of  1000  psia.  Reamer,  Sage  and 
( 32 ) 

Lacey  studied  the  propane-carbon  dioxide  system  at  higher 

temperatures  and  presented  vapor-liquid  equilibria  data  at 

temperatures  ranging  from  40°  to  160°F  and  for  pressures  up 

to  1000  psia.  They  confirmed  the  finding  of  Poettmann  and  Katz 

that  the  azeotrope  forming  tendencies  in  this  system  existed. 

Akers,  Kelley  and  Lipscomb from  their  study  on  this  system 

at  lower  temperatures  concluded  that  the  azeotrope  forming 

tendency  increases  as  the  temperature  decreases.  Roof  and 
( 35 ) 

Baron  have  determined  the  binary  critical  locus  for  propane 

carbon  dioxide  system.  Their  results  are  in  considerable 

(29  32) 

disagreement  with  the  results  of  previous  studies  on 

this  system. 


(29) 


(es) 


-  ai  -  ,  ' 

mfiipexb  fiox:^i2oqnioo-atiifae9‘i^  bfifi  8ax:ifinld  osirid  arii  “xoi 
b^awnwob  q-sfirie  &  bedsc^xbnx '  :iX9fIT  .' BQ^ttrd^xeqmal  inol 

-  &fl9  abxxoxb  nodttfio  .arid  dfi  8i/odX  'X.BDxJi'iO  srld  latLfdaVxLro 
Ydeiaxid  v^s^by©  sbxxolb  nodx£0-9nBqoi.q  arid  toI  svxuo  add 

pnxXxod  /nxfflixnxm  6  mzolt:  od  pnxbnsd  aso'xOi  drfd'«  it6/id  ^nldsoibai 

/ 

ddY  madSYB  nodiBO-an/Bildo  add  ni  Q'fi  aqoido'asB 

bnfi  ebxxoxb  nodxsa.-ansdud  .emadSYS  .sdT  .  ba'XBS'qqaelb  ^ie^elqoio'D 

.YXXsnixofi  bavudad^  abxxoib  aodxso-aoiBd-nfKi 

nod‘ifiO“'9n6qo:fq.  arid  baxbuda  d/nodaqiil  bfiB  »8X9XA 

neewded  asxudB-xaqCTsd  xawol  ds  Bdeb  bafaxvoiq  bnjs  /Tiddavc  dfaxxoib 

badnaaaxq  Y®rfT  iw  .cieq,  V02  od  qu  aezuBsazq  xoi  bad  *1  St  bns  0^^ 

ebxxoxb  nodxBO  xoi'  abxdsx  mux.xdiXiapa  pnidoxbaxq  zoU  diBxio  b 

bnfi  dPB2  ^xamfiaH  v^aiaq  OOOX  lo  eiuaaaxq  aonapisVaoo  fi 

(St) -  ^ 

xadpxd  dB  madBY®  abxxoxb  nod^iBo-ansqoiq  arid  baxbude 

% 

A 

dfi  Bdsb  Bx^dxXxi/ps  biupiI-3bqBV  bddnaesiq  bae  aa'xi/dsxaqmad 

qu  BBZuaeezq  “loi  bas  *3° OdX  od  mozlL  pai'gnBZ  BsxudB’xaqmsd 

f 

sdBX  bflB  naBmdd90<I  do  pnibnld  add  bam'sxdnoD  y®^^  .fixaq  OOOX  od 
.bad8xx9  mad'SYB  axdd  crx  saxonabnad-  pnxrrrxod  aqoxdoass  add  dsdd 
madsYB  axdd  no  ^buJa  xxarid  mozi.  dmooaqxJ  bfiB  YS-iXoM  ,e:xa;(A 

■V 

pnxmxod  ‘sqoxdoasa  arid  dedd,  babuXonoo  aaiudaiaqniad  lawoi  dB 

bn£  V  dpoH  .  Baaaaioab  axudsTXdqfnad  arid  as  asaBBZocit  Y^nsbnBJ 

•ensqozq  zo±  auool  Xfioldxxo  Y’^s^iXd' add  banxmxadab’ avsd 

aXdBxabXanoo  nx  aiB  adXaaai  ixariT  -  .iriadaYB  abXxoxb  nod'SBO 
(SC  €S) 

■  saxbuda  auoxvaxq  do  adXuaaX'  add  ddxw  dn9fliPP*jpBaxb 

%madEYa  eidd 


•.  % 


17 


(28) 

Olds,  Reamer,  Sage  and  Lacey'  '  studied  the  butane- 

carbon  dioxide  system  and  presented  vapor-liquid  equilibria 

data  at  temperatures  ranging  from  100°  to  280°F  and  pressures 

up  to  1184  psia.  Their  results  are  in  fair  agreement  with 

(29 ) 

those  of  Poettmann  and  Katz 

( 33 ) 

Reamer  and  Sage  have  presented  data  on  vapor-liquid 

equilibrium  for  the  n-decane-carbon  dioxide  system  for  tem¬ 
peratures  ranging  from  40°  to  460°F  and  for  pressures  up  to 
2500  psia.  The  behavior  of  the  system  was  similar  to  that 
encountered  in  other  binary  systems  containing  a  hydrocarbon 
with  carbon  dioxide. 

A  few  multicomponent  systems  of  carbon  dioxide  with  hydro¬ 
carbons  have  been  studied.  Poettmann  and  Katz^^^^  have  studied 
a  carbon  dioxide-natural  gas  condensate  system  at  temperatures 
ranging  from  100°  to  250°F  and  for  pressures  up  to  2900  psia. 
They  also  presented  charts  for  predicting  the  equilibrium 
ratio  values  for  0  to  10  mole  percent  carbon  dioxide  in  natural 

gas  distillate  and  similar  systems.  From  this  and  their 

(29 ) 

previous  study  of  the  binary  carbon  dioxide  systems  they 

concluded  that  the  lower  the  molecular  weight  of  the  hydro¬ 
carbon  with  which  the  carbon  dioxide  is  mixed,  the  greater  will 
be  the  deviation  of  the  equilibrium  constant  for  carbon  dioxide 

from  the  ideal  behavior. 

( 31 ) 

Poettmann  and  Katz  also  studied  the  vaporization 

characteristics  of  carbon  dioxide  in  a  natural  gas-crude  oil 
system  and  presented  data  for  pressures  from  600  to  8500  psia 
and  temperatures  ranging  from  38°  to  202°F.  They  found  that 
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the  variation  of  carbon  dioxide  concentration  up  to  12  mole 

percent  in  the  composite  mixture  did  not  affect  the  equilibrium 

ratio  value  of  the  hydrocarbon  constituent  or  the  K-value  of 

carbon  dioxide  itself. 

(17 ) 

Jacoby  and  Rzasa  reported  data  on  the  equilibrium 

ratio  of  carbon  dioxide  in  a  natural  gas  condensate  system 

for  pressures  up  to  4000  psia  and  a  temperature  interval  of 

100°  and  200°F.  Their  mixtures  were  quite  similar  to  those 

studied  by  Poettmann  and  Katz^^^^  except  for  the  non-hydrocarbons 

hydrogen  sulphide  and  nitrogen.  The  equilibrium  ratios  for 

carbon  dioxide  compare  well  with  those  of  Poettmann  and  Katz. 

( 37 ) 

Saxena  and  Robinson  studied  the  methane-carbon  dioxide- 

butane  system  over  a  temperature  range  of  -20°F  to  100°F  and 

for  pressures  from  400  to  1200  psia.  Their  study  indicated 

that  the  equilibrium  ratios  for  butane  are  somewhat  higher  than 

( 27 ) 

those  predicted  by  NGPSA  .  They  have  also  reported  some 

inconsistencies  in  the  data  of  Wang  and  McKetta^"^^^  who 
studied  this  system  between  -140°  and  100°F  in  the  pressure 
range  of  400  to  1700  psia. 
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IV.  EXPERIMENTAL  STUDIES 

A.  Experimental  Apparatus 

The  equipment  used  in  this  work  has  been  described  in 
detail  by  Hutton^^^^.  Essentially,  it  consisted  of  a 
windowed  equilibrium  cell  whose  volume  could  be  varied  by 
adding  or  withdrawing  mercury  by  means  of  a  Ruska  mercury 
displacement  pump. 

The  equipment  in  its  existing  state  could  not  be  used 
for  temperatures  higher  than  125'^F,  because  of  the  lucite 
jacket  surrounding  the  cell  and  the  temperature  controlling 
fluid,  varsol.  Both  were  unsuitable  for  temperatures  above 
150°F. 

In  order  to  overcome  these  difficulties,  the  equilibrium 
cell  was  mounted  inside  a  windowed  steel-jacket  in  such  a 
way  that  the  contents  of  cell  could  be  viewed  by  lighting  the 
jacket  window.  The  glass  used  in  the  jacket  window  was 
identical  to  one  used  in  the  equilibrium  cell  window.  The 
jacket  was  insulated  with  asbestos.  Varsol  was  replaced  by 
primol-D,  well  suited  for  temperatures  up  to  300°F.  A  gear- 
pump  was  used  for  circulation  of  primol-D  through  the  steel- 
jacket  surrounding  the  equilibrium  cell,  the  existing  centri¬ 
fugal  pump  being  inadequate  to  provide  the  required  head  with 
primol-D.  The  total  power  of  the  temperature  bath  was  increased 
from  1500  watts  to  3000  watts  by  replacing  the  500  watt  immer¬ 
sion  heater  by  one  rated  at  2000  watts.  Figure  1  indicates 
the  schematic  diagram  of  the  equipment. 
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FIG.  1  SCHEMATIC  DIAGRAM  OF  EQUIPMENT 
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Temperature  was  measured  by  means  of  an  iron-constantan 
thermocouple  inserted  into  the  side  of  the  equilibrium  cell. 

The  thermocouple  was  calibrated  against  a  standard  precision 
mercury  thermometer  accurate  to  0 . 1°C  and  readable  at  0.05°C. 

A  leeds  and  Northrup  model  8686  millivolt  potentiometer  was 
used  for  measuring  the  potential.  During  the  course  of  each 
run  temperature  fluctuations  were  controlled  to  within  +0.5°F, 
and  temperatures  were  read  to  within  +  0.1*^F. 

Pressure  was  measured  using  two  Heise  Bourdon  tube  gauges 

2  2 

rated  at  5000  Ibs/in  and  1000  Ibs/in  .  Both  gauges  were 

calibrated  with  a  Ruska  dead  weight  tester.  Readings  on  the 

2  2 
5000  Ibs/in  were  made  to  within  +3  Ibs/in  and  on  the  1000 

2  2 
Ibs/in  to  within  +1  Ib/in  . 

Volume  measurements  were  made  by  means  of  a  cathetometer 
provided  with  a  vernier  scale  and  capable  of  reading  within 
0.05  mm.  The  equilibrium  cell  was  calibrated  for  its  volume 
versus  cathetometer  reading  by  adding  1.5  c.c.  of  mercury 
each  time  by  the  Ruska  mercury  displacement  pump.  The  cali¬ 
bration  of  the  displacement  pump  was  checked  within  an  accuracy 
of  0.05  c.c.  by  displacing  1.5  c.c.  of  mercury  each  time  and 
collecting  it  in  a  graduated  burette.  Volume  corrections  due 
to  meniscus  effects  were  small  and  could  be  neglected  in  most 
cases.  The  details  of  such  calculations  are  shown  in  the 
appendix . 

B.  Materials 

The  materials  used  in  this  investigation  were  sufficiently 
pure  so  that  no  further  treatment  was  considered  necessary. 

The  n-hexane  was  research  grade  product  from  Phillips 
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Petroleum  Company  with  a  minimum  purity  of  99.95  mole  percent. 
The  carbon  dioxide  was  supplied  by  Canadian  Liquid  Air  Company 
and  it  had  a  purity  of  99.9  percent.  No  detectable  impurity 
was  found  when  a  sample  of  each  pure  component  was  run 
through  gas  chromatograph. 

C .  Experimental  Procedure 

The  equilibrium  cell  was  first  cleaned  several  times 

using  liquid  butane  and  alcohol  as  solvents.  The  entire 

system  was  evacuated  and  pressure  tested  with  mercury  to  a 

2 

pressure  of  4000  Ibs/in  and  then  with  nitrogen  to  the  same 
pressure . 

The  cell  was  purged  with  carbon  dioxide  and  evacuated. 
This  procedure  was  repeated  three  times.  Hexane  was  then 
introduced  into  the  evacuating  system  from  a  hexane  bottle  by 
opening  valve  5.  The  cell  was  again  evacuated.  Hexane  was 
again  introduced  into  the  cell  and  was  partially  allowed 
to  boil  off.  Carbon  dioxide  was  introduced  into  the  cell  at 
high  pressure  from  the  gas  cylinder.  The  cell  valve  was  then 
closed . 

The  experiments  were  conducted  at  a  series  of  constant 
temperatures.  The  bubble  point  was  observed  by  the  disappear¬ 
ance  of  the  last  drop  of  vapor.  It  was  usually  possible  to 
reduce  the  vapor  phase  to  a  volume  of  about  1  cu.  mm.  except 
near  the  critical  region. 

The  amount  of  liquid  and  vapor  phases  were  measured  by 
reducing  pressure  from  the  bubble  point  in  small  intervals. 
Care  was  taken  to  keep  the  cell  in  a  perfectly  vertical 
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position  with  the  help  of  a  pointer  before  making  volume 
measurements.  The  equilibrium  cell  was  rocked  through  an 
angle  of  approximately  180*^  several  times  to  ensure  equi¬ 
librium  before  taking  readings  of  pressure  and  temperature 
and  measuring  the  amount  of  each  phase.  Equilibrium  was 
assumed  when  there  was  no  change  in  pressure  and  temperature 
on  further  rocking  of  the  cell. 

The  dew  point  was  noted  by  the  first  appearance  of 
liquid  drops  on  the  cell  window  glass.  The  cell  window, 
just  above  the  mercury  surface,  usually  appeared  to  be  a 
little  moist  at  the  dew  point.  In  some  cases,  it  was  not 
possible  to  reduce  the  pressure  to  the  dew  point,  because  of 
limited  volume  of  the  equilibrium  cell.  In  such  cases,  dew 
point  measurements  were  made  after  a  sample  was  withdrawn  for 
analysis.  However,  in  some  cases,  when  a  greater  percentage 
of  hexane  was  present  and  at  lower  temperatures ,  dew  points 
were  obtained  by  extrapolation  of  the  plot  of  percent  liquid 
versus  pressure.  It  was  rather  difficult  to  visually  deter¬ 
mine  the  exact  dew  points,  particularly  when  the  carbon 
dioxide  concentration  in  the  mixture  was  high.  In  this 
region,  the  dew  points  may  be  off  by  as  much  as  ±  20  psi  from 
the  true  value. 

D .  Analysis 

The  overall  composition  of  the  mixture  under  study  was 
made  by  using  a  BurrellCorporation  model  K-2  gas  chromatograph. 
A  column  packed  with  silicone-550  on  celite  was  used  for  the 
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separation  of  carbon  dioxide  and  n-hexane.  A  satisfactory 
separation  was  obtained  under  the  following  conditions. 


Column  length: 
Column  temperature : 
Carrier  gas: 
Detector  current: 


1  meter 
86°F 

Helium  at  64.3  ml/min 
200  m.A. 


The  column  was  calibrated  by'  adding  known  amounts  of  each 
pure  component  and  obtaining  the  corresponding  peak  heights. 

The  volume  of  several  samplers  and  the  volume  of  the  manifold 
in  which  they  fit  were  measured  by  displacement  with  mercury. 
Carbon  dioxide  was  flushed  into  the  coliomn  through  these  sam¬ 
plers.  The  sampler  bath  temperature  was  kept  at  50°C  and  the 
pressure  was  dropped  to  atmospheric  before  carbon  dioxide  was 
introduced  into  the  column.  Known  amounts  of  n-hexane  were 
injected  into  the  column  by  means  of  a  Hamilton  micro  syringe. 

A  mixture  of  known  composition  of  carbon  dioxide  and 
hexane  was  made  in  a  glass  bulb  provided  with  vacuum  stop-cocks 
at  each  end  and  a  vacuum  silicone  seal  at  the  top.  The  bulb 
was  evacuated  and  weighed.  Some  hexane  was  introduced  into 
this  evacuated  bulb  through  the  vacuiam  seal  by  means  of  a 
syringe  and  weighed.  The  bulb  assembly  was  then  connected  to 
a  carbon  dioxide  gas  cylinder.  The  lines  were  evacuated  and 
some  carbon  dioxide  was  taken  in  to  the  bulb  by  opening  the 
stop-cock.  The  stop-cock  was  closed  and  the  bulb  assembly 
was  weighed  again.  From  these  three  weighings,  the  composition 
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of  the  mixture  was  calculated.  This  bulb  was  heated  by  means 
of  the  heating  tape  to  ensure  a  single  phase  and  a  sample  was 
withdrawn  by  means  of  a  syringe  and  injected  into  the  column. 
The  result  obtained  by  chromatographic  analysis  agreed  to 
within  0.3  mole  percent  of  the  gravimetric  analysis.  Thus,  the 
calibration  based  on  pure  components  was  considered  adequate 
and  is  presented  in  Figure  19  in  the  appendix. 

E .  Sampling  Technique 

The  mixture  in  the  equilibrium  cell  was  brought  into  a 
single  phase  by  compressing  above  the  bubble  point  pressure. 

The  sample  line  as  well  as  the  sampling  flask  were  evacuated. 
Valve  2  was  closed  and  valve  1  was  then  opened  keeping  the 
pressure  well  above  the  bubble  point  pressure.  The  equilibrium 
cell  was  rocked  for  sufficient  time  to  ensure  equilibrium. 
Valves  1  and  3  were  then  closed.  Thus,  a  small  sample  was 
trapped  between  two  needle  valves  in  high  pressure  autoclave 
stainless  steel  tubing.  This  sample  was  then  flashed  into 
the  evacuated  1  liter  sampling  flask  by  opening  valve  2.  To 
avoid  any  condensation  of  hexane,  the  entire  sampling  line 
and  sampling  flask  were  kept  heated  by  means  of  the  heating 
tape  and  heating  jacket  respectively.  The  sample  was  left 
overnight  to  become  uniform  in  composition  by  diffusion.  A 
sample  was  withdrawn  from  this  flask  by  means  of  a  syringe  and 
injected  into  the  column  for  analysis. 


ersBBm  b9:tB9ri  ssw  dlud  airiT  .beisXuoiso  3Bw  9tt£/:txlfli  arl^  5o 
86W  eXqnifis  &  bne,  sesriq  eXpnxa  &  aioana  od  eqsd  yaidBBd  9dS  io 
.nmtfXoo  9fi^  odnl  bec^oecni  bns  epniiY^  s  erifeam-  nwBibrtj-xw 
od  bQod.pB  el8^lG[tB  oiriqB:tpoi6moxrio  ^d  beadsdHo  dlue&d  edT 
Btid  ^avrll  .aieYXsns  ox'iiBrnxvBip  lo  aXocr  E.O  nifliiw 

BdBi/psbG  ba'jabiafiob  saw  a;J^n9noq/noD  9:ti/q  no  bOfisd  ’  rtoijta^cixlBD 
J  .xlbfisqqs  9rii  nx  €1  an/pi*?  ni  bsd-nses^q  si  ba» 

a.  ■- 

9t/pxflflooT  pfilXqWPg  .3 

,  •J 

B  odnl  J’ripi/ottd  saw  XX90  /fmxxctiXitfps  &rld  cil  BdJJdxim  9riT 
.9'ii/aB9t[q  dnxoq  sXdclud  sdd  avodfi  pnxsas'iqmoo  yd  seadq  elgale 
.bad'fiuoBve  s^raw  .SBsXi  pniXqoisa  arid  aa  XXaw  sb  aaxX  oXrqntBa  adT 

■t  _  ' 

sdd  pnxqaa^l  banaqo  narid  aaw  X  avisv  bns  bssolo  sgw  S  avXaV 
muxxdiXli/ps  srtT  .a-xiraasiq  dnxoq  aXddud  add  avods  XXaw  edusssiq 

a  . 

.inuxxdxlxups  siuana  od  amid  dnaxoxiiija  loi  ba^Loo*!  sbw  IXao 
eew  eXqmsa  iXame  a  ^audT  .beaoXo  nsiid  ©isv/  £  bna  I  aavlaV 
avaXbodua  a:iw889xq  dpxrl  nx  asvXsv  sXbsen  owd  naawdad  beqqaxd 
odnx  barfaaid  aadd  asw  aXqmaa  axriT  .pnXdi/d  X&ada  saeXfiiada 
oT  .S  avXav  pninaqo  ^2aX5  gpiXqmsa  XBdlX  X  badanoava  sdd 
9nxX  pnxXqjTiaa  axxdna  arid  ,9n£xari  do  no  cd^anabrioo  vna  bxova 
pnxdasfi  sdd  do  anaem  \d  bedasrl  dqaX  9*iaw  ?(aald  pniXqraaa  bna 
dial  aaw  aXqmaa  sriT  .  YXsvxdoaqas'X' dsJtoat  pnidesri  bna  aqad 
A  .noxauddxb  ^d  noidxaoq/poo  ni  mxodxnu  SKUooad  od  ddpinxevo 
bna  epniiY®  a  do  enas/n  '{d  ;i3sXd  airid  moxd,  nwaxbridiw  aaw  sXqinaa 

.a-xsYXana  tod  nmijXoo  add  odnx  badoatnX 


26 


V.  EXPERIMENTAL  RESULTS 


Five  mixtures  of  carbon  dioxide  and  n-hexane  were  studied 
in  a  temperature  range  100  to  300°F.  Figure  2  presents 
pressure  versus  percent  liquid  data  at  a  series  of  temperatures 
for  a  mixture  containing  90.7  mole  percent  carbon  dioxide.  For 
this  mixture,  at  220*^F,  the  amount  of  liquid  present  at  any 
pressure  was  too  small  for  accurate  volumetric  measurements. 
Thus,  only  the  dew  points  were  determined  and  consequently  this 
isotherm  is  shown  dotted.  The  pressure- temperature  diagram 
with  constant  percent  liquid  lines  for  this  mixture  is  presented 
in  Figure  3.  This  figure  was  obtained  by  cross-plotting  the 
data  of  Figure  2.  The  lines  of  constant  percent  liquid  converge 
at  a  critical  point  of  the  mixture.  These  data,  together  with 
the  data  for  the  other  mixtures,  are  presented  in  Table  1  and 
2  of  the  appendix. 

Figure  4  is  the  composite  pressure-temperature  diagram 
for  the  carbon  dioxide-n-hexane  system.  Due  to  the  temperature 
limitations  of  the  experimental  apparatus,  the  phase  envelopes 
of  mixtures  containing  less  than  84.6  mole  percent  carbon 
dioxide  could  not  be  completely  defined.  Thus,  part  of  the 
phase  envelope  for  these  mixtures  is  shown  dotted. 

The  critical  points  for  the  three  mixtures,  containing 
84.6  mole  percent  and  higher  amounts  of  carbon  dioxide,  were 
determined.  Two  additional  points  were  obtained  on  the 
critical  locus,  in  order  to  define  it  more  adequately.  These 
are  also  shown  in  Figure  4 .  The  data  on  the  critical  locus 
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90.7  MOLE  PERCENT  C  O  2 
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FIG. 2  PERCENT  LIQUID  ISOTHERMS  FOR  THE  C  O2  -  n  -  C^  H  S  YST  EM 
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FIG. 3  PHASE  DIAGRAM  SHOWING  CONSTANT  PERCENT  LIQUID  LINES 
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for  this  system  are  also  presented  in  Table  3  of  the  appendix. 

Figure  5  shows  the  photographs  of  the  critical  opalescence. 
The  critical  phenomenon  in  this  system  was  marked  by  the  exhi¬ 
bition  of  reddish-brown  color  in  the  entire  mass  of  the  mixture, 
when  viewed  in  trnasmitted  light.  Photograph  (a)  shows  this 
condition.  When  the  critical  conditions  were  maintained  for  a 
longer  period  of  time,  the  reddish-brown  coloration  was  more 
intense  in  the  middle  portion  of  the  mass  as  can  be  seen  in 
photograph  (b) .  The  sharp  color  change  in  the  critical  mixture 
by  a  slight  change  in  the  system  pressure  can  be  seen  from 
photograph  (c)  and  (d) .  Photograph  (c)  was  taken  at  a  pressure 

of  3  psi  above  the  critical  pressure  while  photograph  (d)  shows 
the  condition  of  the  mixture  at  3  psi  below  the  critical 
pressure.  A  thin  meniscus  had  appeared  at  the  latter  conditions 
as  seen  in  photograph  (d) . 

The  pressure-composition  diagrams  for  this  system  at  five 
temperatures  are  shown  in  Figures  6  to  10.  These  figures  are 
obtained  by  cross-plotting  the  data  shown  in  Figure  4. 

The  equilibrium  ratios  for  n-hexane  and  carbon  dioxide  were 

calculated  by  reading  the  compositions  of  liquid  and  vapor  phases 

at  suitable  pressure  interval  from  the  pressure-composition 

diagrmas  at  each  temperature  and  are  tabulated  in  Table  4  of 

the  appendix.  These  K-values  are  also  presented  in  Figures  11 

to  15  on  conventional  log  K  versus  log  P  coordinates.  These 

figures  further  show  the  K-values  for  n-hexane  obtained  from 

(21) 

NGPSA  data  book  together  with  those  calculated  using 

Dalton's  and  Raoult's  Laws. 
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Figure  5. 


Critical  Opalescence  in  the  Carbon  Dioxide- 
n- Hexane  System 
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VI.  DISCUSSION  OF  RESULTS 

A.  Phase  Behavior  of  the  Carbon  Dioxide-n-* Hexane  System 

The  phase  behavior  of  the  carbon  dioxide-n-hexane  system 
observed  in  this  study  is  consistent  with  the  behavior  of  other 
n-paraf fin-carbon  dioxide  systems  reported  in  the  literature. 

Due  to  the  temperature  limitation  of  the  experimental  appara¬ 
tus,  complete  phase  envelopes  could  not  be  obtained  for  mix¬ 
tures  containing  more  than  15  percent  n-hexane.  These  mixtures, 
at  low  pressures,  exhibit  dew  point  curves  which,  as  shown  in 
Figure  4,  are  very  slightly  inclined  to  the  temperature  axis. 
Thus  a  large  change  in  the  system  temperature  is  accompanied 
by  a  relatively  small  change  in  the  dew  point  pressure.  As 
the  mixtures  get  richer  in  carbon  dioxide,  the  slope  of  the 
dew  point  curve  progressively  increases  to  the  extent  that  at 
very  high  concentrations  of  carbon  dioxide  the  dew  point  line 
becomes  very  slightly  inclined  to  the  pressure  axis.  For 
these  mixtures,  therefore,  a  slight  increase  in  the  system 
temperature  causes  a  very  significant  increase  in  the  dew  point 
pressure . 

Figure  3  shows  that  for  mixtures  richer  in  carbon  dioxide 
the  constant  percent  liquid  lines  are  well  separated  in  the 
low  percent  liquid  region.  For  greater  than  50%  liquid,  they 
are  very  narrowly  spaced  and  lie  close  to  the  bubble  point 
curve.  The  data  presented  in  Table  2  of  the  appendix  show, 
on  the  other  hand,  that  for  mixtures  containing  higher  amounts 
of  n-hexane,  the  lines  are  more  evenly  spaced. 
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The  critical  locus  has  some  uncertainties  for  temperatures 
above  300*^F.  Below  this  temperature,  the  critical  locus  was 
defined  by  direct  observation  of  the  critical  opalescence  for 
each  mixture  aided  by  extrapolation  of  the  constant  percent 
liquid  lines. 

B.  Equilibrium  Ratios 
( 1 )  N-Hexane 

The  K-values  for  n-hexane  obtained  in  this  study  are 
compared  in  Figures  11  to  15  with  the  ideal  equilibrium  ratios 
as  well  as  with  the  K-values  obtained  from  the  NGPSA  Engineering 
Data  Book^^^^.  At  temperatures  of  100  and  150°F,  the  experi¬ 
mental  K-values  are  much  higher  than  the  NGPSA  and  the  ideal 
K-values.  The  agreement  between  the  NGPSA  and  experimental 
K-values  is  good  at  200‘^F,  but  for  pressures  higher  than  100 
psia,  the  experimental  values  are  higher  than  the  ideal  K-values. 
At  250°F,  the  experimental  K-values  are  lower  than  the  ideal 
K-values  for  pressures  up  to  250  psia.  At  higher  pressures, 
this  trend  is  reversed.  The  NGPSA  K-values  at  250*^F  are  always 
higher  than  the  experimental  K-values .  The  agreement  between 
the  experimental  and  ideal  K-values  at  300*^F  is  good  for  pres¬ 
sures  up  to  400  psia.  For  pressures  greater  than  100  psia  at 
this  temperature  the  experimental  values  are  lower  than  the 
NGPSA  K-values.  Thus,  as  the  system  temperature  increases 
n-hexane  K-values  tend  to  become  ideal  in  the  low  pressure 
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( 2 )  Carbon  Dioxide 

A  comparison  between  the  experimental  K-values  and 
the  ideal  K-values  for  carbon  dioxide  was  not  made  because 
this  component  exists  in  a  hypothetical  state  at  all  temp¬ 
eratures  of  this  investigation.  The  NGPSA  Engineering  Data 
Book  presents  the  K-values  for  this  component  only  at  a 
convergence  pressure  of  4000  psia.  The  convergence  pressure 
in  all  mixtures  of  this  work  was  less  than  1800  psia. 

In  view  of  the  extensive  use  of  the  NGPSA  Engineering 

Data  Book  as  a  source  of  K-values,  it  was  considered  useful 

to  prepare  K-value  charts  for  carbon  dioxide  at  convergence 

pressures  in  the  range  1000  to  2000  psia.  All  the  K-value 

data  available  from  the  literature  were  compiled.  For  the 

binary  systems,  the  convergence  pressure  was  obtained  by  the 

intersection  of  the  critical  locus  by  the  system  temperature 

ordinate  on  a  pressure-temperature  diagram.  The  method  of 

( 23 ) 

Lenoir  and  White  was  utilized  to  calculate  the  convergence 

pressure  of  the  ternary  system.  All  other  systems  with  a 
greater  number  of  components  had  convergence  pressures  much 
higher  than  the  region  of  interest.  The  paraffin  hydrocarbon- 
non-hydrocarbon  systems  included  in  the  complication  were  those 
in  which  carbon  dioxide  was  the  only  non-hydrocarbon  component. 
The  sources  of  the  data  taken  from  the  literature  were  the 
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The  data  on  binary  systems  of  carbon  dioxide  with  ethane 
and  propane  were  not  used  because  the  convergence  pressures 
in  these  systems  were  lower  than  the  region  of  interest. 

Charts  were  prepared  at  convergence  pressures  of  1200, 

1450,  and  1700  psia  and  the  results  are  presented  in  Figures 

16  to  18  respectively.  At  convergence  pressures  of  1450  and 

1700  psia,  the  K-value  isotherms  are  similar  in  shape  to  those 

{21) 

presented  by  the  NGPSA  for  a  convergence  pressure  of  4000 

psia.  The  K- values  increase,  as  can  be  expected,  with  increas¬ 
ing  temperatures  and  with  increasing  convergence  pressures. 

At  the  convergence  pressure  of  1200  psia,  the  K-values  for 
a  temperature  of  100°F  and  above  are  not  consistent  with  their 
behavior  at  the  higher  convergence  pressures.  At  200°F  and 
900  psia  for  example,  contrary  to  expected  behavior,  the  carbon 
dioxide  K-values  are  the  same  at  convergence  pressures  of  1200 
and  1450  psia.  For  pressures  lower  than  900  psia  then  K-values 
corresponding  to  1200  psia  convergence  pressure  are,  in  fact, 
higher  than  those  for  1450  psia.  As  another  example,  the 
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FIG. 16  EQUILIBRIUM  RATIOS  FOR  CO2  IN 

n-PARAFFIN  HYDROCARBON  SYSTEMS 
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K-values  obtained  from  data  on  carbon  dioxide  binary  systems 
with  n-hexane  and  n-decane  at  a  temperature  of  100°F  and 
corresponding  to  1200  psia  convergence  pressure  are  significantly 
different.  The  K-values  obtained  from  the  n-decane  binary 
system  are  so  much  higher  that  they  lie  close  to  those  at  160°F 
taken  from  the  data  on  n-butane  binary.  At  low  temperatures, 
for  example  at  -20°F,  the  K-values  increase  with  increasing 
convergence  pressures  which  is  contrary  to  the  expected  be¬ 
havior  . 

This  may  be  due  to  inconsistencies  in  the  data  of  various 
authors  utilized  in  preparation  of  these  charts,  but  on  the 
other  hand  it  is  also  possible  that  the  concept  of  conver¬ 
gence  pressure  fails  to  account  for  the  effect  of  composi¬ 
tion  adequately  in  the  region  enclosed  by  dotted  lines  in 
Figure  16 .  To  completely  understand  the  cause  of  this  odd 
behavior  of  carbon  dioxide  K-values,  further  information 
at  low  convergence  pressures  is  needed.  It  would  be  nec¬ 
essary  to  study  ternary  or  multicomponent  systems  in  order 
to  provide  the  necessary  K-value  data  which  would  simultane¬ 
ously  satisfy  the  requirements  of  temperature  and  convergence 
pressure.  In  binary  systems,  temperature  and  convergence 
pressure  are  not  independent  variables. 
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V 


VII.  CONCLUSIONS 

1.  Modifications  in  the  heating  system  for  the  equipment  and 

'1 

in  the  material  of  construction  for  the  heating' jacket  made 

it  suitable  for  use  up  to  temperatures  300°F.  The  modified 

equipment  was  used  to  study  vapor-liquid  equilibria  in  the 

carbon  dioxide-n-hexane  system  at  temperatures  of  100,  150, 

o 

200,  250,  and  300  F.  The  five  mixtures  studies  contained 
94.9,  90.7,  84.6,  75.7  and  52.5  mole  percent  carbon  dioxide. 

2.  The  experimental  data  thus  obtained  made  it  possible  to  de¬ 
fine  the  phase  diagram  for  this  system  in  the  experiment 
range  100  to  300*^F.  The  phenomena  of  critical  opalescence 
observed  for  some  mixtures  of  this  study  proved  to  be  a  use¬ 
ful  aid  in  the  definition  of  the  binary  critical  locus. 

3.  It  was  possible  to  calculate  the  K-ratios  for  carbon  dioxide 
and  n-hexane  from  the  experimental  data.  The  comparison  of 
experimental  K-values  for  n-hexane  with  the  ideal  K-values 
and  with  those  obtained  from  the  NGPSA  Engineering  Data  Book 
showed  that  the  n-hexane  K-values  get  closer  to  ideal  K-values 
as  the  system  temperature  increases.  The  agreement  with  the 
NGPSA  K-values  was  good  at  200'^F.  At  temperatures  of  100 

and  150*^F  the  experimental  K-values  were  higher  than  NGPSA 
K-values  but  at  250  and  300*^F  this  trend  was  reversed. 

4.  The  K-values  for  carbon  dioxide  obtainable  from  the  liter¬ 
ature  were  utilized  in  preparing  charts  for  this  component 
similar  to  those  presented  in  the  NGPSA  Engineering  Data 
Book.  These  charts  indicate  that  additional  information  is 
necessary  on  K-values  of  carbon  dioxide  in  multicomponent 
paraffin  hydrocarbon  mixtures  before  any  useful  generali¬ 
zation  on  K-values  of  carbon  dioxide  can  be  made. 
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NOMENCLATURE 

c 

composition  parameters  based  on  mole  fractions 

G 

molar  free  energy 

K 

equilibrium  ratio 

M 

composition  parameter  based  on  mass  fractions 

N 

total  number  of  moles  of  a  component 

P 

total  pressure  of  system 

R 

gas  constant 

T 

temperature  of  system 

V 

molal  volume 

f 

fugacity  of  a  component 

m 

weight  fractions 

n 

number  of  components  in  the  system 

P 

partial  pressure  of  a  component 

V 

P 

vapor  pressure  of  a  component 

X 

mole  fraction  in  liquid  phase 

y 

mole  fraction  in  vapor  phase 

Greek  Letters 


y 

chemical  potential 

-e- 

-e- 

-e- 

-©- 

denotes  a  function  of  variables 

Y 

activity  coefficient 

Subscripts 

i 

i^^  component 

CV 

convergence 

is 

ideal  solution  property 
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V  vapor  phase 

L  liquid  phase 

a  bar  at  the  top  denotes  the  value  of  a 
property  in  a  mixture 
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Table  1 

Experimental  Dew  Point  and  Bubble  Point  Data 

for  Carbon  Dioxide-n-Hexane  System 

Mixture  Composition  =  94.9  mole  percent  CO2 


Temperature 

Op 


100.0 
121.0 
129.3 
150.0 
180 . 0 


Dew  Point 
Pressure, Psia. 


305 

385 

425,1320 

532,1432 

865,1365 


Bubble  Point 
Pressure,  Psia. 


1067 

1256 


Mixture  Composition  =  90.7  mole  percent  CO2 
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Mixture  Composition  =  84.6  mole  percent  CO2 
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Table  1  ( conti nu ed ) 


Mixture  Composition  =  75.7  mole  percent  CO2 


Temperature 

Dew  Point 

Bubble  Point 

Op 

Pressure,  Psia. 

Pressure, Psia 
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80 

1072 

201.0 

115 

1345 

250.3 

205 

1535 

301.3 

330 

1585 

Mixture  Composition  =  52.5 

mole  percent  CO 

100.0 

15 

440 

149.0 

25 

630 

200.6 

47 

815 

250.0 

95 

925 

299 . 0 

180 

1000 

gOO  :tnaoisq  alom  V.ST  »  rtolJimoqaiDO  •lUixlM 


;^nio^  eXddaa  :in 
.fiiea  ^siwaB3T<J  .Blast 


Ol^S 

STOX 

e^f:I 

eeax 

eaex 


^OD  insoaeq  slom  a.S2 


;oa  v^eQ 

21^ 

e.oox 

08 

e.xex 

exx 

O.XO£ 

eos 

£.oas 

0££ 

e.xdc 

»  noidiaoqmoD  oit/ctxxM 


0^^ 

ex 

o.oox 

0£d 

es 

o.eM 

2X8 

vt^  ^ 

d.OOS 

ese 

ee 

o.oes 

0001 

081 

o.e€s 

58 


Table  2 


Experimental  Percent  Liquid  Data  for  Carbon  Dioxide- 

n-Hexane  System 

Mixture  Composition  =  94.9  mole  percent  CO2 

Temperature  =  100*^F 


Pressure,  Liquid  Volume,  System  Volume,  Percent  Liquid 
Psia.  ml.  ml. 
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8 . 83 

11.32 
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Table  2  (continued ) 


Pressure , 
Psia. 

Liquid  Volume, 
ml . 

System  Volume, 
ml . 

Percent  Liquid 

Temperature 

=  129. 3°F 

1319 

0.63 

12.22 

5.15 

1319 

1.67 

12.22 

13.67 

1315 

2.29 
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18 . 69 
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Table  2  (continued) 


Pressure , 
Psia  , 


Liquid  Volume/  System  Volume,  Percent  Liquid 
ml .  ml . 


783 

2.15 

21.55 
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483 

1.42 

46.71 

3.04 

394 

1.36 

60.76 

2.24 

327 

1.18 

76.50 

1.54 

Temperature  =  139 

.  6°F 

1325 

4.35 

7.70 

56.49 

1290 

4.01 

9.76 

41.09 

1245 

3.40 

11.50 

29.56 

1205 

^  3.00 

12 . 80 

23.44 

1140 

2.64 

16.49 

16.01 

1015 

2.15 

21.55 

9.98 

880 

1.79 

28.50 

6.28 

747 

1.60 

35.50 

4.51 

580 

1.33 

45.38 

2.93 

440 

1.17 

58.27 

2.01 

322 

0 . 90 

76.6 

1.17 

Temperature  =  161 

.2°F 

1510 

0.81 

8.61 

9.41 

1505 

1.45 

8.70 

16 . 67 

1500 

1.99 

8.66 

22.98 

1495 

2.25 

8 .66 

25.98 

1487 

2.45 

8 . 66 

28.29 

1480 

2.45 

8.66 

28.29 

1467 

2.41 

8.72 

27.64 

1452 

2.40 

8.89 

27 .00 

1423 

2.17 

9.29 

23.36 

1367 

1.88 

10.07 

18 . 67 

1315 

1.69 

10.79 

15.66 

1245 

1.55 

12.10 

12.81 

1150 

1.38 

14.13 

9.77 

1020 

1.10 

17.02 

6 . 46 

896 

1.03 

20.71 

4.97 

769 

1.03 

25.43 

4.05 

622 

0.96 

34.16 

2 . 81 

469 

0.91 

49.16 

1.85 

330 

0.67 

77.18 

0.87 

*• 

i'-d 

{befsnl^noo)  S  sIdpT 

ftxi/piJ  ^smuIdV  ^etntjXoV  bktrpiJ.  JaiiiSaa; 

,Lm  .-tw  -jsiaq 


86.6 

ee.is 

ex.s 

£8V 

VI.  a 

eo.8s 

ev.x 

^8a 

XI.  af. 

i^e.x 

xse 

tO.E 

XV. ai^ 

s^.x 

£8^ 

^‘S.S 

av.oa 

ac.x 

free 

^a.i 

oe.av 

BI,I 

V££ 

'l^a.eei  »  eTur^Biec^/neT 

OV.V 

c£,& 

es£X 

60.  Xt^  ■>.  -v.-. 

av.e 

XO.^ 

oesi 

a2.6S 

oa.xi 

0>.£ 

efrSi 

os.sx 

00. £  , 

cOSX 

10. ax 

e^.ax 

^a.s 

OfrXX 

86.6 

ec.xs 

ex.s 

exoi 

es.a 

oa.ss 

ev-x 

088 

Lc.i‘ 

oe.ae 

aa.x 

VfrV 

e.6.s  " 

8£.e> 

££.X 

082  ^ 

xo.s 

vs.  86 

VX.X 

Ofrfr 

VI.  I 

a.av 

06.0 

sse 

- 

‘iPs.Xai  •*  o'liJiist-eqfiTaT 

1^.6 

xa.8 

iS.O 

orex 

vd.ai 

0V,8 

5^.1 

eoex 

86. £S 

ad.8 

66. X 

ooex 

86.es 

aa .  8 

es.s 

eefrx 

6X.8S 

aa.8 

e^.s 

VBfrX 

6S.8S 

aa.o 

e^.s 

OSfrX  i 

(‘a.  VS 

SV.8 

x^.s 

VdfrX 

00.  vs 

68.8 

01^. s 

sefrx 

ae.£s  V 

6S.6 

vx.s 

esfrx 

V3.8I 

VO. OX 

88.1 

Vd€I 

dd.ei 

6VQX 

6a.  X 

exex 

X8.S-X 

OX.S.V 

efrsx 

vv.e 

ex.^x 

gfi.!;" 

oeix 

ai*.a 

SO.VX 

ox.x 

osox 

ve.^ 

XV. OS  ^j-N* 

eo.x 

aes 

eo.^ 

C^.es  » 

£0.X 

eav 

18. s 

ox.r-e 

ae.o 

ssa 

es.x 

ax .  6f‘ 

16.0 

eafr 

V8.0 

81 .  Vt 

'l 

va.o 

0€£ 

X'  '  . 

f 


61 


Table  2  (continued) 


Pressure , 
Psia . 


Liquid  Volume,  System  Volume,  Percent  Liquid 
ml .  ml . 


Temperature  = 

180°F 

1590 

0.20 

8.70 

2.30 

1550 

0.54 

8.74 

6.18 

1535 

0.76 

8.76 

8 . 67 

1510 

0.96 

8.76 

10 . 96 

1490 

1.07 

8.76 

12 . 21 

1465 

1.03 

8.80 

11.70 

1405 

0.94 

8 . 85 

10.62 

1345 

0.89 

8.99 

9.90 

1265 

0.77 

9.59 

8.03 

1160 

0.62 

10.22 

6.07 

1075 

0.66 

12.76 

5.17 

935 

0.59 

15.61 

3.78 

815 

0.57 

19.39 

2.94 

665 

0.53 

23.23 

2.28 

545 

0.50 

29.32 

1.70 

Temperature  = 

200. 3°F 

1667 

0.18 

9.36 

1.92 

1615 

0.18 

9.50 

1.89 

1570 

0.32 

9.79 

3 . 27 

1516 

0.43 

10.22 

4 . 21 

1460 

0.48 

10.76 

4.46 

1415 

0.52 

11.24 

4.63 

1315 

0.56 

12.36 

4.53 

1220 

0.57 

13,70 

4.16 

1070 

0.56 

16.42 

3 .41 

919 

0.54 

20.09 

2.69 

771 

0.54 

25.52 

2.11 

621 

0.42 

33.57 

1.25 

Mixture 

Composition  =  84. 

6  mole  percent  CO2 

Temperature  = 

100°F 

884 

7 . 28 

10.68 

68.16 

868 

6.88 

11.83 

58 . 15 

841 

6.07 

13.79 

44.01 

810 

6.10 

16.10 

37.88 

784 

5 . 88 

18.10 

32.48 

729 

5.31 

22 . 25 

23 . 86 

647 

4.81 

28.50 

16 .87 
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Table  2  (continued) 


Pressure,  Liquid  Volume, 
Psia.  ml. 


System  Volume, 
ml . 


570 

4.53 

35.08 

489 

4.30 

43.98 

416 

4.07 

54.32 

343 

3.93 

68.59 

310 

3.65 

76.83 

Temperature  = 

148. 6°F 

1240 

7.65 

10.70 

1193 

6.97 

12.05 

1133 

6.30 

13.92 

1073 

5.90 

15.83 

1010 

5.55 

18.05 

911 

4.98 

21.80 

817 

4.67 

26.29 

713 

4.33 

31.93 

567 

3.99 

43.09 

483 

3.80 

53.05 

415 

3.84 

63.80 

350 

3.40 

77.20 

Temperature  = 

199°F 

1533 

7.79 

11.86 

1470 

6.93 

12.68 

1390 

6.16 

13.78 

1307 

5.595 

15.225 

1203 

5.10 

17.425 

1087 

4.725 

20.45 

963 

4.37 

24.17 

803 

3.95 

30.98 

695 

3.70 

37.40 

592 

3.52 

45.70 

501 

3.27 

55.85 

442 

3.18 

65.08 

384 

2.69 

76.49 

Percent  Liquid 


12.91 

9.77 

7.49 

5.72 

4.75 


71.49 

57.84 
45.25 
37.27 

30.74 

22.84 
17.76 
13.56 

9.25 

7.16 

6.01 

4.40 


65.68 

54.65 

44.70 

36.74 
29.27 
23.10 
18 .08 

12.75 

9.89 
7.70 
5.85 

4.89 
3 . 51 
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Table  2  (continued) 


Liquid  Volume, 
ml . 


System  Volume,  Percent  Liquid 
ml . 


Temperature 


252°F 


7.47 

12.19 

61.28 

6.74 

12.44 

54.18 

6.02 

12.90 

46.67 

5.19 

14.02 

37.02 

4.65 

15.55 

29.90 

4.29 

17.05 

25.20 

3.80 

20.23 

18.78 

3.54 

24.50 

14.45 

3.19 

30.60 

10.42 

2.83 

37.84 

7.48 

2.60 

45.09 

5.77 

2.33 

50.49 

4.61 

2.18 

57.32 

3 . 80 

1.89 

66.52 

2.84 

1.59 

77.20 

2.06 

Temperature  = 

298. 6°F 

3 . 60 

12.91 

27.88 
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28.93 

3.91 
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29.87 

3.99 
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Table  2  (continued) 


Pressure , 
Psia . 


Liquid  Volume,  System  Volume,  Percent  Liquid 
ml.  ml. 


Mixture  Composition  =  75.7  mole  percent  CO^ 
Temperature  =  100. 3^F 


709 

6.73 

10.05 

66.97 

691 

6.55 

11.05 

59.28 

672 

6.24 

11.86 

52.61 

621 

5.78 

14.90 

38.79 

573 

5.39 

18.05 

29.86 

501 

5.07 

21.80 

23.26 

418 

4.61 

31.95 

14.43 

211 

3.87 

77.03 

5.02 

Temperature  = 

151. 3°F 

1021 

6.45 

9.24 

69.80 

962 

5.96 

10.50 

56.76 

921 

5.63 

11.38 
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13.33 

39 . 31 

771 
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Temperature  = 

201°F 
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Table  2  (continued) 


Pressure, 

Psia. 


Liquid  Volume,  System  Volume,  Percent  Liquid 
ml.  ml. 


Mixture  Composition  =  75.7  mole  percent  CO2 
Temperature  =  250.3*^F 


1453 

5.86 

8.82 

66 . 44 

1377 

5.37 

9.37 

57.31 

1285 

4.88 

9.98 

48.90 

1215 

4.49 

10.69 

42.00 

1097 

4.12 

12.11 

34.02 

969 

3.89 

14.02 

27.75 

826 

3.47 

17.22 

20 . 15 
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3.12 

21.50 

14.51 

569 

2.88 

27.79 

10.36 

454 

2 . 50 

37.35 

6.69 

349 

2.10 

52.20 

4.02 

264 

1.36 

74.54 

1.82 

Temperature  = 

301. 3°F 

1507 

5.38 

8.80 

61.14 

1443 

4.86 

9.16 

53.06 

1360 

4.29 

9.75 

44.00 
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2.08 

25.79 

8.06 
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1.47 

36.96 

3.98 

371 

0.63 

52.33 

1.20 

Mixture  Composition  = 

52.5  mole 

percent  CO2 

Temperature 


100°F 
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3.50 

6.80 

51.47 

322 
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Table  2  (continued) 


Pressure , 
Psia . 

Liquid  Volume, 
ml . 

System  Vol ume , 
ml . 

Percent  Liquid 

Temperature  =  149°F 

505 

2 . 86 

5.68 

50. 

,35 

455 

2.76 

6.49 

42. 

,53 

397 

2.63 

7.61 

34. 

,56 

329 

2.55 

9.90 

25. 

,76 

271 

2.61 

13.03 

20  . 

,03 

221 

2.39 

17.28 

13. 

.83 

171 

2.32 

23.62 

9  . 
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130 

2.28 

32 .62 

6  . 

,99 

90 

2.22 

48.93 

4  , 

,  54 

59 

1.94 
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2. 

.53 

Temperature  200. 6°F 

642 

2.75 

5.33 

51. 
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2.64 

5.80 

45. 
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551 

2.59 

6.41 

40. 
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7.41 

33  . 
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8.46 

27  . 
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2 . 20 
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14. 
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1.39 
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1. 
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Temperature  =  250°F 

718 

2.49 

5.02 

49. 
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5.41 
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2.07 
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395 

1.88 
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Table  2  (continued) 


Pressure,  Liquid  Volume,  System  Volume,  Percent  Liquid 
Psia.  ml.  ml. 


Temperature  =  299^F 


753 

1.94 

4.56 

42.54 

676 

1.80 

4.86 

37.04 

611 

1.70 

5.40 

31.48 
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1.51 

6.17 
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Table  3 

Data  on  Critical  Locus  for  Carbon  Dioxide- 

n-Hexane  System 


Composition 
mole  percent 


Temperature, 


Pressure, 

Psia. 
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Table  4 

Equilibrium  Ratios  for  Carbon  Dioxide-n-Rexane  System 

Temperature  =  IQO^F 


Pressure , 
Psia  . 


Equilibrium  Ratios 


Carbon  Dioxide  n-hexane 


100  5 

200  3 

300  2 

400  1 

500  1 

600  1 

700  1 

800  1 

900  1 

1000  1 

1100  1 

1140  1 


Temperature 
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Table  4  (continued) 


Temperature 


200°F 


Pressure, 
Psia . 


Equilibrium  Ratios 
Carbon  Dioxide  n-hexane 


100 

10.320 

0.299 

200 

5.440 

0.187 
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0.138 
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0.137 
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Temperature  =  250'^F 
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Calculation  of  Volume  Correction  due  to  Meniscus  Effects 


The  width  of  cell  is  3/8'’  hence  one  can  consider  it  as 
two  vertical  plates  separated  by  a  large  distance  for  the 
purpose  of  calculation  of  volume  correction  due  to  meniscus 
effects.  Champion  and  Davy  have  derived  an  equation  for  the  curve 
of  liquid  meniscus  along  the  side  of  a  vertical  plate  in  their 


book  on  Properties  of  Matter.  The  equation  is 

2 


Where 


gpy  =  2T(1  -  sinij;) 

g  is  acceleration  due  to  gravity 


(la) 


p  is  the  difference  of  densities  of  two  fluids 
forming  the  meniscus 

T  is  the  surface  tension 

\p  is  the  contact  angle 

Y  is  the  distance  of  meniscus  surface  from  the 

point  where  liquid  makes  contact  with  the  plate 

If  it  is  assumed  that  the  liquid  forms  a  circular  arc  of 

radius  Y,  then  volume  correction  is  given  by 

=  ^(4Y^  “  ttY^)  X  depth  of  cell  (lb) 

For  mercury,  contact  angle  with  steel  is  154^.  Taking  the 
surface  tension  of  mercury  as  460  dynes/cm,  Y  is  given  by 
equation  (la) 

,,2  _  2  X  460  (1  -  sin  154°) 

980  X  (13.6  -  0.659) 

_  2x460x0.562 

980'x  (13.6  -  0.659) 


=  0.0404  cm. 

depth  of  the  cell  =  2.38  cms 

Therefore  ^  x  0.0404(4  -  3.14)  x  2.38 


0.0413  c . c . 
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Similar  calculations  for  n-hexane  at  20^C  gave  a  volume 
correction  for  hexane  meniscus  as  0.058  c.c.  Thus,  the  total 
correction  was  less  than  0.1  c.c.  However,  this  correction 
would  be  even  smaller  at  higher  temperatures  because  the  surface 
tension  decreases  with  increasing  temperatues.  This  small 
correction  does  not  affect  %  liquid  significantly  even  when 
amount  of  liquid  present  was  small  because  in  such  cases,  the 
amount  of  vapor  phase  is  very  large. 
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